Lipid droplets (LDs) serve an essential function in eukaryotic cells. Accordingly, intracellular lipid levels need to be tightly controlled. Indeed, inappropriate intracellular lipid storage leads to impaired cellular function. In obesity, lipids will overflow into the circulation as a result of lack of storage capacity in adipose tissue, and, as a consequence, lipids may accumulate ectopically in tissues, including skeletal muscle (intramyocellular lipids \[IMCLs\]). This ectopic fat storage exceeds intracellular demand and may result in lipotoxic events, including the development of insulin resistance ([@B1],[@B2]). Paradoxically, IMCL is increased in both endurance-trained athletes and type 2 diabetic patients ([@B3],[@B4]), indicating that ectopic lipid accumulation per se does not induce insulin resistance.

Thus far, explanations for this athlete's paradox have focused on lipid turnover, oxidative capacity, and levels of lipid intermediates ([@B5]--[@B8]). Interestingly, one exercise session was shown to prevent lipid-induced insulin resistance by partitioning more fatty acids (FAs) toward triacylglycerol (TAG) synthesis in skeletal muscle ([@B9]). Therefore, increasing the depot for TAG storage might improve insulin sensitivity. Intracellular TAG is stored in LDs, which are increasingly recognized as dynamic organelles. They are composed of a neutral lipid core containing TAG, diacylglycerol (DAG), cholesterolesters, retinol esters, and free cholesterol ([@B10]) surrounded by a phospholipid monolayer ([@B11]) and a protein coat, composed of a variety of LD-coating proteins ([@B12]). Accumulating evidence suggests that LD-coating proteins mediate LD dynamics, including LD synthesis, growth and fusion, intracellular transport, organelle interactions, and breakdown and lipolysis ([@B13],[@B14]).

The best-characterized family of LD-coating proteins is the perilipin (PLIN) protein family, including PLIN1, PLIN2 (adipophilipin and adipose differentiation--related protein \[ADRP\]), PLIN3 (tail-interacting protein, 47 kDa \[TIP47\]), PLIN4 (adipocyte protein S3-12), and PLIN5 (OXPAT, lipid droplet storage protein 5 \[LSDP5\]). Whereas PLIN1 expression is restricted to adipose tissue, where it plays a crucial role in the control of storage and degradation of LDs ([@B15],[@B16]), PLIN2 is expressed in several tissues, including liver, small intestine, and skeletal muscle ([@B17],[@B18]). PLIN2 in skeletal muscle was previously shown to colocalize with IMCL ([@B19]). Interestingly, skeletal muscle *Plin2* gene expression was shown to be lower in patients with type 2 diabetes versus obese control subjects ([@B20]). Furthermore, weight loss as well as metformin treatment, both resulting in lower IMCL levels ([@B21],[@B22]), were demonstrated to increase skeletal muscle PLIN2 levels in parallel with improved insulin sensitivity ([@B23]). PLIN2 may be involved in the protection against lipotoxicity by facilitating efficient IMCL storage in the form of TAG. However, loss- and gain-of-function studies to characterize PLIN2 function in skeletal muscle, required to obtain more functional insight into the role of PLIN2 in muscle, have not been performed to date. Here, we aimed to examine the role of PLIN2 in myocellular fat accumulation, lipotoxicity, and insulin sensitivity.

RESEARCH DESIGN AND METHODS {#s1}
===========================

Cell culture experiments. {#s2}
-------------------------

C2C12 cells (LGC, Teddington, U.K.) were maintained in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Breda, the Netherlands) containing antibiotics supplemented with 10% FCS, grown on extracellular matrix (ECM) gel--coated (Sigma-Aldrich, St. Louis, MO) cell culture plates, and differentiated over the course of a week in DMEM supplemented with 2% FCS (differentiation media). Cells were treated with 200--800 µmol/L FAs (6--24 h) (octanoic, oleic, or palmitic acid conjugated to BSA; ratio BSA to FA, 1:2.5) or solely BSA as a control. For inhibitory RNA (RNAi) experiments, cells were transfected with 10 nmol/L Stealth RNAi oligos using Lipofectamine RNAiMAX (Invitrogen) as transfection reagent. PLIN2 overexpression was achieved by transfections with pENTR1A-pUC *Plin2* construct with Lipofectamine-2000 (Invitrogen).

Lipid metabolism. {#s3}
-----------------

In vitro ^14^C-palmitate metabolism was measured as previously described ([@B24]). Intracellular triglyceride levels were measured using the method of Schwartz and Wolins ([@B25]).

Glucose uptake assay. {#s4}
---------------------

Glucose uptake was measured as previously described ([@B26]).

Animal studies. {#s5}
---------------

C57Bl6 mice were fed a low-fat (10% energy from fat) or a high-fat diet (HFD; 45% energy from fat) (Research Diet Services, Wijk bij Duurstede, the Netherlands) for 8 weeks. Tibialis anterior (TA) was dissected. Seven-week-old male Wistar rats were purchased from Charles River (Wilmington, MA). Rats were fed either a chow diet (*n* = 4) (SSNIFF; Bio Services, Uden, the Netherlands) or an HFD (*n* = 12) (45% energy from fat, D01060502; Research Diets, New Brunswick, NJ). The Institutional Animal Care and Use Committee of Maastricht University approved the experiments. The total intervention lasted 3 weeks. One week after the start of the diets, rats were cannulated, followed by gene electroporation and the hyperinsulinemic euglycemic clamp, with 1-week recovery periods in-between.

Electroporation. {#s6}
----------------

Overexpression of mouse PLIN2 in the left TA muscle of the rat was accomplished by an in vivo DNA electroporation technique under isoflurane anesthesia. Left TA muscles were transcutaneously injected with 75 μg pENTR1A-pUC *Plin2* construct, and right TA muscles were injected with empty vector as a control. Within 15 s after the last injection, one high-voltage pulse of 800 V/cm and four low-voltage pulses of 80 V/cm at 1 Hz were generated by an ECM 830 electroporator (BTX, San Diego, CA), as described previously ([@B27]).

Hyperinsulinemic euglycemic clamp. {#s7}
----------------------------------

Clamps were performed as previously described ([@B28]). In brief, after a 6-h fast, a continuous infusion of insulin was administered at a rate of 13 mU/kg/min for 120 min. The glucose infusion rate was adjusted to maintain blood glucose concentration within the range of 4.5--5.5 mmol/L. Rats were conscious during the full procedure. At 45 min before completion of the clamp, a bolus of 140 µCi/kg of 2-(^3^H(*N*))-deoxy-[d]{.smallcaps}-glucose was administered.

Lipid species. {#s8}
--------------

Skeletal muscle DAG, TAG, and ceramide levels were measured as previously described ([@B28]).

Western blots. {#s9}
--------------

Western blotting studies were performed using antibodies directed against PLIN2 (Progen, Heidelberg, Germany), PLIN3 (Santa Cruz, Heidelberg, Germany), PLIN5 (Progen), Akt phosphorylation (pAkt) and Akt, adipose triglyceride lipase (ATGL) (Cell Signaling Technology, Leiden, the Netherlands), comparative gene identification 58 (CGI-58) (Novus Biologicals, Littleton, CO), peroxisome proliferator--activated receptor γ coactivator 1-α (PGC1α) (Calbiochem, Amsterdam, the Netherlands), uncoupling protein 3 (UCP3) (provided by L.J. Slieker, Eli Lilly), and OXPHOS (Mitosciences, Eugene, OR). Protein expression values were standardized against actin protein expression (Sigma-Aldrich, St. Louis, MO). Secondary antibodies contained an infrared dye. Protein quantification was performed by scanning on an Odyssey Infrared Imaging System (LI-COR Biotechnology, Lincoln, NE).

Statistical analysis. {#s10}
---------------------

Differences between groups were evaluated with univariate ANOVA followed by Tukey honestly significant difference post hoc tests (cell studies) and unpaired (cell studies) or paired Student *t* tests (animal experiments). *P* \< 0.05 was considered statistically significant.

RESULTS {#s11}
=======

PLIN2 protein expression is induced upon lipid loading. {#s12}
-------------------------------------------------------

We first examined if TAG accumulation in myotubes is indeed associated with altered expression of PLIN2. To this end, C2C12 mouse myotubes were incubated with different types of FAs (200 μmol/L) ([Fig. 1*A*](#F1){ref-type="fig"}). Octanoate, a short-chain FA that is preferentially oxidized, did not increase TAG levels, whereas incubation with either oleate or palmitate led to marked accumulation of myocellular TAG as well as an increase in PLIN2 protein expression. The induction of PLIN2 protein levels was dependent on FA concentration, but reached the maximal induction at an FA concentration of 200 μmol/L ([Supplementary Fig. 1*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1402/-/DC1)), and on FA incubation time, when the FA concentration was held constant at 200 μmol/L ([Supplementary Fig. 1*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1402/-/DC1)). Next we determined the in vivo effects of lipid overload on PLIN2 protein content. We found that both an 8-week HFD ([Fig. 1*B*](#F1){ref-type="fig"}) and 6 or 24 h of fasting ([Supplementary Fig. 1*C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1402/-/DC1)) significantly increased PLIN2 protein levels in mouse skeletal muscle.

![PLIN2 knockdown lowers intracellular neutral lipid accumulation. *A*: C2C12 myotubes were incubated overnight with 80 µmol/L BSA complexed to 200 µmol/L oleate (OA), palmitate (PA), octanoate (OctA), or solely BSA as a control. PLIN2 and TAG levels are expressed as fold change relative to the control treatment. \**P* \< 0.05 compared with the control treatment. *B*: PLIN2 protein expression in TA muscle of C57Bl6 mice fed an HFD or normal chow diet for 8 weeks. *C* and *D*: C2C12 myotubes were transfected with PLIN2 siRNA (P2) or a scrambled control (S) and incubated overnight with 200 µmol/L BSA-coupled oleate, palmitate, or solely 80 µmol/L BSA. Subsequently, cells were harvested to measure PLIN2 protein expression and TAG levels. \#*P* \< 0.05 vs. control (FA effect) and \**P* \< 0.05 vs. scrambled control with the corresponding FA treatment. Data are expressed as mean ± SEM. *n* = 3--4. *D* and *E*: Electron microscopy pictures. *D* scale bars represent 2 microns. *E*: The oleate-treatment condition (increased LD size upon PLIN2 knockdown). Scale bars represent 0.5 micron.](2679fig1){#F1}

PLIN2 is essential for intracellular LD storage. {#s13}
------------------------------------------------

To obtain further insight into the importance of PLIN2 for efficient TAG storage, we knocked down PLIN2 in myotubes using small interfering RNA (siRNA). Compared with PLIN2 levels in cells transfected with a scrambled control oligo, *Plin2* mRNA levels were reduced by 90% ([Supplementary Fig. 2*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1402/-/DC1)) and protein levels decreased with 85% on average ([Fig. 1*C*](#F1){ref-type="fig"}). The knockdown of PLIN2 prevented FA-induced TAG accumulation and LD formation even upon oleate or palmitate incubation, demonstrating that PLIN2 is essential for TAG storage in LDs ([Fig. 1*D*--*F*](#F1){ref-type="fig"}). Protein expression of the LD-coating protein PLIN3 was not affected by PLIN2 knockdown, excluding a compensatory increase of this protein ([Supplementary Fig. 2*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1402/-/DC1)). Please note that the LD-coating proteins PLIN1, PLIN4, and PLIN5 are not expressed in C2C12 cells. Electron microscopic imaging confirmed that oleate and palmitate led to massive lipid accumulation in control cells, whereas this lipid accumulation was largely absent after FA loading in the PLIN2 knockdown cells ([Fig. 1*D* and *E*](#F1){ref-type="fig"}). The few LDs that were present in PLIN2 knockdown cells were markedly larger in size compared with control cells.

Knockdown of PLIN2 increases the cellular oxidative capacity. {#s14}
-------------------------------------------------------------

The lack of LD storage capacity in PLIN2 knockdown cells may be compensated by enhanced fat oxidative capacity or reduced FA uptake. To investigate these possibilities, we used an unbiased approach by implementing a whole-genome expression analysis in the PLIN2 knockdown cells ([Fig. 2](#F2){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Specifically, overrepresentation analysis of functional gene ontology classes showed suppression of numerous pathways related to FA transport and lipid storage ([Fig. 2](#F2){ref-type="fig"}). Examples of genes that were downregulated upon PLIN2 knockdown include *Fads2* and *Agpat9* ([Table 1](#T1){ref-type="table"}). Furthermore, gene ontology classes corresponding to respiratory electron transport chain and glucose/carbohydrate metabolism were increased upon PLIN2 knockdown ([Fig. 2](#F2){ref-type="fig"}), indicating a compensatory increase in expression of genes involved in mitochondrial function (average PLIN2 knockdown effect across treatment conditions: *Pgc1α* fold change (FC) = 3.2, *Mterf* FC = 2.2, *Mrps33* FC = 1.5, *Mfn1* FC = 1.3, and *Mtrf1l* FC = 1.8) ([Table 1](#T1){ref-type="table"}).

![Gene expression profiles of PLIN2 knockdown in C2C12 myotubes. Selected pathways identified by gene score resampling in ErmineJ. Only pathways that were significantly up- or downregulated (*P* \< 0.05) are shown. The enrichment score reflects the degree to which a gene set is overrepresented at the top (upregulated, positive score) or bottom (downregulated, negative score) of the ranked gene list and is corrected for gene set size. Black bars, control condition; gray bars, oleate; white bars, palmitate treatment. Microarray data have been submitted to Gene Expression Omnibus (GSE38590).](2679fig2){#F2}
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Expression patterns of a selection of genes in the six treatment conditions, derived from pools of four samples per treatment condition

![](2679tbl1)

Consistent with the gene expression levels, knockdown of PLIN2 increased protein expression of OXPHOS complexes (total OXPHOS univariate ANOVA PLIN2 knockdown effect *P* \< 0.05; complex I, *P* = 0.095; II, *P* = 0.052; III, *P* \< 0.05; and V, *P* \< 0.01) ([Fig. 3*A*](#F3){ref-type="fig"} and [Supplementary Fig. 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1402/-/DC1)). Therefore, we next investigated whether PLIN2 knockdown resulted in a compensatory increased capacity to oxidize fat in order to deal with the lower capacity for lipid storage by measuring ^14^C-palmitate oxidation. Knockdown of PLIN2 tended to increase total ^14^C-palmitate oxidation (*P* = 0.055) ([Fig. 3*B*](#F3){ref-type="fig"}). However, complete ^14^C-palmitate oxidation to CO~2~ was not affected ([Fig. 3*C*](#F3){ref-type="fig"}). Instead, the tendency toward increased ^14^C-palmitate oxidation can probably be ascribed to an increase in incomplete oxidation (acid-soluble metabolites \[ASMs\]; *P* = 0.108) ([Fig. 3*D*](#F3){ref-type="fig"}). Thus, PLIN2 knockdown effects on palmitate oxidation were modest, indicating that the increased mitochondrial density only partly compensated for the reduction in TAG storage capacity.

![Altered lipid metabolism and oxidative capacity in PLIN2 knockdown cells. *A*: Protein expression of the OXPHOS complexes I, II, III, and V in cell cultures transfected with either PLIN2 siRNA (P2) or scrambled control siRNA (S), expressed as arbitrary units (AU). *n* = 4 for each treatment condition. OA, oleate; PA, palmitate. Analysis of 3-h ^14^C-FA oxidation rates in PLIN2 knockdown and negative control cells: total oxidation (sum of ^14^C-CO~2~ and ^14^C ASMs) (*B*), complete oxidation to CO~2~ (*C*), and incomplete oxidation to ASMs (*D*). *n* = 6 per treatment condition. ^14^C-palmitate incorporation into total neutral lipids (*E*), TAG (*F*), phospholipids (*G*), and DAG (*H*). Values were normalized to protein levels. Incorporation into TAG, DAG, and phospholipids is expressed relative to the control condition. *I*: Insulin-stimulated deoxyglucose uptake. *J*: Insulin-stimulated pAkt phosphorylation. \**P* \< 0.05. Error bars represent SEM.](2679fig3){#F3}

Knockdown of PLIN2 increases palmitate incorporation into DAG and phospholipids. {#s15}
--------------------------------------------------------------------------------

In the PLIN2 knockdown situation, the lack of the capacity to store FAs as TAG in LDs resulted in a trend toward increased total FA oxidation, with the majority of ^14^C-palmitate being incompletely oxidized and accounted for in ^14^C-ASMs. Thus, another possibility to deal with FAs in the absence of cellular TAG storage capacity would be to store FAs in lipid species other than TAG. Therefore, ^14^C-palmitate incorporation into total neutral lipids, TAG, DAG, and phospholipids was determined. Compared with the scrambled control, a 3-h ^14^C-palmitate incubation of PLIN2 knockdown cells resulted in a lower incorporation of palmitate in the total neutral lipid pool (*P* \< 0.01) ([Fig. 3*E*](#F3){ref-type="fig"}). Besides decreased total intracellular lipid storage, FA incorporation into neutral lipids shifted from TAG toward DAG and phospholipids. ^14^C-palmitate incorporation into phospholipids and DAG was increased in the PLIN2 knockdown cells compared with the scrambled control cells (*P* \< 0.01 and *P* \< 0.05, respectively), balancing the lower incorporation into TAG (*P* \< 0.01) ([Fig. 3*F*--*H*](#F3){ref-type="fig"}). PLIN2 knockdown did not compromise insulin signaling (*P* = 0.0528 for basal pAkt, *P* = 0.82 for insulin stimulated pAkt, and *P* = 0.094 for deoxyglucose uptake) ([Fig. 3*I*and *J*](#F3){ref-type="fig"}).

In summary, PLIN2 is essential for LD formation and stability and intracellular TAG storage. PLIN2 knockdown increases FA oxidation only marginally.

PLIN2 overexpression protects against palmitate-induced impairments in insulin-stimulated glucose uptake. {#s16}
---------------------------------------------------------------------------------------------------------

Lipid intermediate accumulation other than TAG storage is considered to negatively affect insulin signaling ([@B30]), whereas efficient TAG storage is considered harmless ([@B28],[@B31]). Results from the PLIN2 knockdown studies illustrate that PLIN2 is necessary for efficient storage of FAs into inert TAG. Therefore, we next investigated whether overexpression of PLIN2 could facilitate efficient muscle TAG storage, and thereby prevent fat-induced impairments in insulin signaling. Hence, we overexpressed PLIN2 in vitro in order to investigate its potential beneficial effects on IMCL handling. PLIN2 overexpression resulted in a twofold increase in PLIN2 expression ([Fig. 4*A*](#F4){ref-type="fig"}), a sixfold increased intracellular TAG storage (*P* = 0.04) ([Fig. 4*B*](#F4){ref-type="fig"}), and increased ^14^C-palmitate incorporation into total neutral lipids (*P* = 0.013), DAG, and TAG (*P* = 0.003 and *P* = 0.042, respectively) while decreasing its incorporation into phospholipids (*P* = 0.006) ([Fig. 4*C*--*F*](#F4){ref-type="fig"}). We next tested if PLIN2-facilitated intramyocellular TAG storage could prevent palmitate-induced disruptions in insulin signaling. To this end, PLIN2- and empty vector--transfected C2C12 myotubes were incubated overnight with 400 μmol/L palmitate, known to impair insulin signaling ([@B32]). In line with the hypothesis, PLIN2 overexpression rescued palmitate-mediated impairments in insulin-stimulated glucose uptake (*P* \< 0.05) ([Fig. 4*G*](#F4){ref-type="fig"}).

![PLIN2 overexpression protects against palmitate-induced insulin resistance in C2C12 myotubes. *A*: Western blot demonstrating efficiency of PLIN2 overexpression. *B*: TAG levels. Incorporation into neutral lipids (*C*), TAG (*D*), DAG (*E*), and phospholipids (PL) (*F*). Incorporation into TAG, DAG, and PL is expressed relative to the control condition. *G*: Insulin-stimulated deoxyglucose uptake. EV, empty vector; PA, palmitate (400 μmol/L); PL, phospholipids; C, control; DPM, disintegrations per minute. \**P* \< 0.05. Error bars represent SEM.](2679fig4){#F4}

In vivo, unilateral overexpression of PLIN2. {#s17}
--------------------------------------------

To investigate if PLIN2 overexpression also has beneficial effects on insulin sensitivity in vivo, we overexpressed PLIN2 unilaterally in muscle of rats fed chow or HFD. We used an in vivo gene electroporation method to achieve ectopic PLIN2 expression in rat TA muscle in one leg, using the contralateral leg of the same animal as control. Marked overexpression of PLIN2 in rat TA muscle was obtained, as demonstrated by Western blotting (2.5-fold on average in whole-muscle lysates) ([Fig. 5*A*](#F5){ref-type="fig"}), as well as immunofluorescence showing numerous LDs coated by PLIN2 ([Fig. 5*B*](#F5){ref-type="fig"}). LDs in PLIN2-overexpressing muscle were larger and more numerous ([Fig. 5*B* and *C*](#F5){ref-type="fig"}), indicating increased IMCL levels upon PLIN2 overexpression.

![Gene electrotransfer--mediated overexpression of PLIN2 in rat TA muscle. *A*: Representative Western blot demonstrating overexpression of PLIN2 in the left TA muscle. EV, empty vector. SR-actin, sarcomeric actin *B*: Lipid accumulation (red, Oil-Red-O) and PLIN2 expression (green) (overlap of PLIN2 and lipids appears yellow, but depends on the place of the cross-cut through the intracellular LDs) in TA muscle sections of the right (control, empty vector) and left (PLIN2 vector) leg of rats fed an HFD. Cell membranes are stained in blue. Representative pictures are shown. The image on the right bottom panel is a magnification of a selection of the picture above. *C*: Ultrastructure (transmission electron microscopy \[TEM\]) of muscle samples from sham- and PLIN2-electroporated muscle. (A high-quality digital representation of this figure is available in the online issue.)](2679fig5){#F5}

An unbiased whole-genome expression analysis revealed that genes related to lipid metabolism and mitochondrial FA oxidation were differentially regulated in PLIN2-electroporated versus control muscle in rats on the HFD ([Table 2](#T2){ref-type="table"} and [Supplementary Fig. 4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1402/-/DC1)). More specifically, examples of genes that were downregulated upon PLIN2 overexpression included *Pgc1α* (FC = −1.92), *Cpt2* (FC = −1.74), and the mitofusins (*Mfn1* FC = −1.53; *Mfn2* FC = −1.53) ([Table 2](#T2){ref-type="table"}). This group of downregulated genes was overrepresented in gene sets linked with oxidative phosphorylation, FA oxidation, and mitochondrial function ([Supplementary Fig. 4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1402/-/DC1)) and included peroxisome proliferator--activated receptor α (PPARα) target genes ([Supplementary Fig. 5](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1402/-/DC1)). Upregulated genes included *SCD1* (FC = 1.62) and *PPARγ* (FC = 1.57) and were associated with gene sets related to lipid storage and carbohydrate metabolism ([Table 2](#T2){ref-type="table"}). Thus, PLIN2 overexpression was associated with a metabolic profile consistent with a shift from FA oxidation toward lipid storage.
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PLIN2 overexpression induces changes in the expression of proteins involved in lipid metabolism. {#s18}
------------------------------------------------------------------------------------------------

Western blottings were performed to extend the PLIN2 overexpression--mediated changes in gene expression to proteins involved in mitochondrial function (OXPHOS, PGC1α, and UCP3) and lipolysis (ATGL, CGI-58, and PLIN5). In the chow-fed group of animals, no significant changes in protein expression were observed upon PLIN2 overexpression. However, in rats fed the HFD for 4 weeks, protein levels of OXPHOS complexes I, III, and V tended to be decreased by PLIN2 overexpression (*P* = 0.075 for complex II) ([Supplementary Fig. 6*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1402/-/DC1)), suggesting that the HFD-induced upregulation of OXPHOS protein expression was blunted by PLIN2 overexpression. These results corresponded with the observed lower gene expression levels of genes related to mitochondrial function and FA oxidation ([Table 2](#T2){ref-type="table"} and [Supplementary Fig. 4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1402/-/DC1)). PGC1α protein expression as well as PLIN5, another LD-coating protein that is supposed to be involved in oxidative processes ([@B33]), tended to be decreased upon PLIN2 overexpression (*P* = 0.062 and *P* = 0.078, respectively) ([Supplementary Fig. 6*B* and *C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1402/-/DC1)). Protein expression of ATGL, CGI-58, and UCP3 was not significantly changed ([Supplementary Fig. 6*D*--*F*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1402/-/DC1)).

PLIN2 overexpression augments myocellular fat storage while blunting HFD-induced insulin resistance. {#s19}
----------------------------------------------------------------------------------------------------

We next investigated if the enhanced TAG storage capacity was associated with a reduction in the lipotoxic FA intermediates DAG and ceramides. Interestingly, despite increased IMCL accumulation, PLIN2 overexpression did not increase DAG levels ([Fig. 6*A*](#F6){ref-type="fig"}), nor was the FA composition (saturation and FA chain length) of the DAG fraction affected by PLIN2 overexpression ([Supplementary Fig. 7](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1402/-/DC1)). Thus, increased total IMCL levels in PLIN2-overexpressing muscle were not paralleled by increased DAG levels, indicating that FAs were stored as TAG. Intriguingly, ceramide levels were increased by 23% ([Fig. 6*B*](#F6){ref-type="fig"}) upon PLIN2 overexpression.

![Overexpression of PLIN2 in TA muscle of rats on an HFD improves insulin sensitivity of the muscle. Skeletal muscle DAG (*A*) and ceramide (*B*) levels in PLIN2- or empty vector (EV)--electroporated muscle of rats on an HFD. *C*: ^3^H-labeled deoxyglucose uptake in control and PLIN2-electroporated TA muscle of rats on an HFD (*n* = 11). Error bars represent SEM. \**P* \< 0.05.](2679fig6){#F6}

PLIN2 overexpression thus increased IMCL levels concurrent with an altered gene expression profile favoring efficient fat storage rather than oxidation. Therefore, we investigated whether these consequences of PLIN2 overexpression would affect insulin sensitivity. To this end, a hyperinsulinemic euglycemic clamp was implemented. As anticipated, rats on the HFD gained significantly more weight compared with the rats on a control (chow) diet (chow +1.91 ± 0.41 vs. HFD +2.94 ± 0.20 g/day, *P* = 0.01), and an HFD feeding period of 3 weeks sufficed to impede whole-body insulin sensitivity, as indicated by a lower glucose infusion rate during the stable phase of the clamp (chow 31.8 ± 1.0 vs. HFD 26.6 ± 1.6 mg/min/kg, *P* = 0.05). PLIN2 overexpression effects on insulin sensitivity were investigated in rats fed the HFD. During the stable phase of the clamp, ^3^H-labeled deoxyglucose was administered intravenously to investigate muscle-specific deoxyglucose uptake, comparing the PLIN2-overexpressing TA muscle with the control sham-electroporated muscle of the same rat. Interestingly, despite the profoundly increased total IMCL accumulation ([Fig. 5*B* and *C*](#F5){ref-type="fig"}) and the increased ceramide levels ([Fig. 6*B*](#F6){ref-type="fig"}), insulin sensitivity was not impaired in the PLIN2-overexpressing leg. Rather, deoxyglucose uptake significantly increased by 11.1% in the PLIN2-overexpressing leg compared with the control leg (*P* = 0.045) ([Fig. 6*C*](#F6){ref-type="fig"}).

DISCUSSION {#s20}
==========

The protein coat of LDs is an important interface for the regulation of intracellular lipid metabolism. PLIN2 is one of the main LD-coating proteins in nonadipose tissues. In the current study, we demonstrate that PLIN2 plays an essential role in skeletal muscle IMCL storage. First, we showed that PLIN2 is upregulated upon loading myotubes with long-chain FAs and after prolonged consumption of an HFD or fasting in skeletal muscle of mice. These findings served as a first indication for a role for PLIN2 in skeletal muscle lipid metabolism. In subsequent loss-of-function experiments, we demonstrate that PLIN2 plays an essential role in skeletal muscle lipid handling. siRNA-mediated knockdown of PLIN2 prevented intramyocellular TAG storage. Moreover, palmitate incorporation into DAG and phospholipids was increased, indicating that PLIN2 is necessary for FA channeling to TAG in LDs and that in the absence of PLIN2, part of the FAs are channeled to storage in the form of lipid intermediates other than TAG. Moreover, LD accumulation was restricted to a few LDs per myotube upon PLIN2 knockdown, indicating that PLIN2 is essential for the formation and/or stability of LDs. Studies toward subcellular localization of LDs indicated that PLIN2 might be involved in budding of LDs from endoplasmic reticulum (ER) or cell membrane structures ([@B37],[@B38]). Functional involvement of PLIN2 in LD synthesis has been shown in studies in fibroblasts and liver ([@B39]--[@B41]). Our results support a role for PLIN2 in skeletal muscle LD synthesis, LD stability, and TAG storage.

Next to a lowering in intramyocellular TAG content after PLIN2 knockdown, we observed less LDs, but the few existing LDs per cell had a larger size, indicating that the cell copes with the flux of FAs entering the cells by maximizing the volume-to-surface ratio in the few available LDs. The latter is consistent with the study of Bell et al. ([@B42]) in which PLIN2 knockdown was shown to decrease LD number while increasing LD size.

Enhancing the partitioning of excess FAs toward TAG storage is considered to be beneficial in preventing insulin resistance by limiting the accumulation of lipotoxic lipid species like ceramides, DAG, and fatty acyl-CoA ([@B28],[@B31]). As our knockdown studies demonstrated that PLIN2 is essential for intramyocellular TAG storage, we investigated whether PLIN2 overexpression would influence lipid metabolism and lipid-induced insulin resistance. Therefore, we determined the effects of in vitro PLIN2 overexpression in C2C12 myotubes and in vivo unilateral, muscle-specific ectopic PLIN2 expression in rat TA muscle. PLIN2 overexpression markedly augmented the accumulation of TAG in LDs, which were both greater in number and larger in size, consistent with previous studies ([@B40]). Short-term incorporation of palmitate into both TAG and DAG was increased upon PLIN2 overexpression in myotubes, indicating increased channeling of FAs toward storage. Increased total IMCL levels upon prolonged PLIN2 overexpression in TA muscle (7 days) were not paralleled by increased intramyocellular DAG levels, indicating that FAs were efficiently stored as neutral TAG. Moreover, the gene expression profiles show a shift toward increased gene expression of genes involved in lipid storage, further supporting the notion that PLIN2 facilitates intramyocellular TAG storage.

The increase in TAG accumulation was not paralleled with an increased oxidative capacity. In contrast, the HFD-induced increase in mitochondrial density was blunted upon PLIN2 overexpression, and genes involved in FA oxidation and mitochondrial function were downregulated. One could hypothesize that an increased capacity to efficiently store TAG in muscle would diminish the need for an increased fat oxidative capacity. Decreased expression of genes and proteins involved in FA oxidation has been described previously in conditions of inhibited lipolysis ([@B43],[@B44]). Recent studies show that the regulation of mitochondrial genes by their transcription factors PPARα and PGC1 requires FAs that are liberated by lipolysis from LD. Thus, ATGL-deficient mice are characterized by a marked reduction in mitochondrial function, which can be rescued by administration of the peroxisome proliferator--activated receptor agonist Wy14,643 ([@B45]). Likewise, PLIN2 overexpression decreased gene expression of several PPARα target genes. It could be hypothesized that PLIN2-facilitated LD storage reduces lipid turnover, leading to a reduced transcriptional activity of mitochondrial genes, consistent with the results of our microarray analysis. In that respect, studies in hepatocytes and embryonic kidney cells reported an increased lipolysis after PLIN2 knockdown ([@B41],[@B42],[@B44]), indicating that PLIN2 shields the droplet from lipolysis. A proper balance between IMCL synthesis, lipolysis, and oxidative metabolism ensures low local intracellular FA levels, thereby preventing lipotoxicity.

Our study is the first to examine the effects of overexpression of PLIN2 on insulin sensitivity. PLIN2 loss-of-function studies in tissues other than muscle showed inconsistent results on insulin sensitivity ([@B42],[@B46]--[@B48]). Lowering of PLIN2 activity was demonstrated to improve liver insulin sensitivity in mouse models of PLIN2 inhibition ([@B47],[@B48]), whereas siRNA-mediated knockdown of PLIN2 plus PLIN3 in liver cells impaired insulin sensitivity ([@B42]). In our study, we hypothesized that overexpression of PLIN2, by enhancing partitioning of excess fat toward TAG storage, would improve insulin sensitivity. Whereas, in vitro, PLIN2 knockdown in our hands did not affect insulin sensitivity, we did indeed find that PLIN2 overexpression completely rescued palmitate-induced impairments in insulin signaling, in parallel with increased intracellular TAG accumulation. We were able to extend this observation to the in vivo situation by showing improved insulin sensitivity in skeletal muscle of PLIN2-electroporated muscle of rats on an HFD, despite increased IMCL storage. Whereas IMCL levels were increased, DAG levels were unaffected and, unexpectedly, ceramide levels were increased upon PLIN2 overexpression. The latter is consistent with the study of Brown et al. ([@B49]), describing that increased ceramide levels associated with lowered lipase activity in liver did not impair insulin sensitivity ([@B49]). This leaves the option open that the subcellular localization of ceramide (rather than simply ceramide content) may be a determinant of the lipotoxic potential of ceramides.

One limitation of our in vivo study is that our results only apply to overexpression of PLIN2 in TA muscle, which is mainly composed of type IIb fibers. Yet, glycolytic muscles are prone to lipid-induced insulin resistance ([@B50]). Therefore, the observation that overexpression of PLIN2 resulted in excessive lipid storage in the predominantly glycolytic TA muscle while at the same time improving insulin-stimulated glucose uptake indicates that PLIN2-mediated improved partitioning of FAs in LDs is a potent way to blunt lipid-induced insulin resistance.

We conclude that high levels of PLIN2 are beneficial for proper storage of TAG in skeletal muscle and thereby prevent the development of insulin resistance. In that respect, we recently observed increased PLIN2 levels in skeletal muscle after training as well as in trained compared with untrained subjects (unpublished data), providing additional evidence that high PLIN2 levels, even with high IMCL content, are associated with improved insulin sensitivity. Likewise, Coen et al. ([@B20]) showed lower PLIN2 gene expression levels in skeletal muscle of insulin-resistant obese subjects versus BMI-matched insulin-sensitive controls, and both weight loss and pharmacological insulin-sensitizing strategies (troglitazone or metformin) resulted in increased PLIN2 protein levels in skeletal muscle ([@B23]).

In summary, using in vitro and in vivo methods, we establish that PLIN2 is an important facilitator of IMCL storage. PLIN2 is essential for myocellular TAG storage in LDs. By improving IMCL storage, PLIN2 protects from lipotoxicity, resulting in enhanced insulin sensitivity.

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1402/-/DC1>.
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